The blood coagulation cascade is activated following vascular-wall injury. The serine protease thrombin is the final protease in this cascade that causes the formation of fibrin from fibrinogen. Thrombin also causes the activation of platelets, which are trapped in a fibrin net followed by hemostasis. Platelets gathered into fibrin clots release several growth factors such as platelet-derived growth factor and transforming growth factor ß. In the present study, we demonstrated that the vascular endothelial growth factor (VEGF) could be bound to fibrin clots in the plasma, and that incubation of the endothelial cells with these VEGF-bound fibrin clots induced proliferation of endothelial cells. Thus, it suggests that clot-bound VEGF may play a role in wound healing through the proliferation of endothelial cells and vascular smooth-muscle cells. On the other hand, a noticeable migration of monocytes was observed when they were cultured on dishes in the presence of VEGF-bound fibrin clots. Moreover, peripheral blood monocytes incubated in the presence of VEGF-bound fibrin clots strikingly increased the production of IL-6 and IL-8, demonstrating that VEGF trapped in fibrin clots not only induces proliferation of human umbilical vein endothelial cells and migration of monocytes but also enhances secretion of IL-6 and IL-8. Thus, our data suggest that fibrin clots that contain several growth factors act as a bioactive reservoir and may play an important role in hemostasis as well as wound healing.
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Introduction
Vascular endothelial growth factor (VEGF) is a homodimeric glycoprotein with a potent mitogenic activity on endothelial cells. VEGF also enhances vascular permeability and thus is also called VEGF/VPF (vascular permeability factor) [1] [2] [3] . VEGF is encoded by a single gene, which finally produces four isoforms, VEGF-121, VEGF-165, VEGF-189 and VEGF-206 (based on the number of amino acids) generated by posttranscriptional modification [4, 5] . VEGF-121 and VEGF-165 are present in the circulation, VEGF-189 and VEGF-206 remain on the cell membrane bound to glucose aminoglycans. VEGF-165, VEGF-189 and VEGF-206 possess heparinbinding sites, whereas VEGF-121 does not [6] [7] [8] . It is well established that VEGF plays a pivotal role in normal vessel growth, development, differentiation, wound healing and reproduction. Furthermore, VEGF has potent mitogenic and chemotactic activity on endothelial cells and acts as an angiogenic factor [1] [2] [3] . The blood coagulation cascade is induced following vessel wall injury, which triggers the activation of thrombin. Once thrombin is activated, it cleaves fibrinogen into fibrin. Platelets are gathered into fibrin clots which may play a key role in hemostasis.
This study was designed to investigate whether VEGF could be trapped in fibrin clots and would exert its characteristic bioactivity on endothelial cells as well as monocytes in vitro. We show the evidence of entrapment/binding of VEGF to fibrin clots. Clotbound VEGF acted as a growth factor for endothelial cells. Moreover, VEGF trapped in fibrin clots acted as a chemotactic factor for monocytes and induced IL-6 and IL-8 production in those cells, suggesting the bioactivity of VEGF-bound fibrin clots.
Material and Methods

Materials
Human thrombin was obtained from Mochida Pharmaceutical Co. Ltd. (Tokyo, Japan). VEGF-165 was purchased from R & D Co. (Minneapolis, Minn., USA). Anti-VEGF antibody was obtained from Toagousei Co. (Tsukuba, Japan) [9, 10] . Fibrinogen and other reagents were purchased from Sigma (St. Louis, Mo., USA).
Cell Culture
Human umbilical vein endothelial cells (HUVECs) were prepared and subjected to primary culture, as described [11] . Human peripheral blood monocytes were collected from healthy volunteers as described [12, 13] .
Immunostaining of VEGF
The microsections of clots prepared from normal human whole blood was immunostained. Immunostaining was performed by direct immunoperoxidase staining as described [14] . Briefly, 4-mm paraffinembedded specimens were deparaffinized in xylene, followed by rehydration with ethanol (100, 95, 70 and 50%). To inhibit the reaction of endogenous peroxidase, the sections were immersed in methanol-containing 0.001% H 2 O 2 for 20 min and allowed to airdry.
VEGF Measurement
VEGF concentration was measured by a newly developed colorimetric enzyme-linked immunosorbent assay, as described [15] [16] [17] . Briefly, the anti-VEGF/VPF IgG was used as a plate coating and a peroxidase-conjugated Fab fragment of anti-human IgG was used as a secondary antibody. Microtiter plates (Immulon 2, Dynatech, USA) were coated with anti-VEGF/VPF polyclonal antibody against human VEGF-121, which can detect all isoforms of VEGF at a concentration as low as 20 pg/ml in serum or plasma. Absorbance at 490 nm was measured in a plate reader after reacting for 30 min.
Preparation and Standardization of Fibrin Clots
Fibrin clots were prepared by adding VEGF-165 into purified fibrinogen, followed by thrombin. To standardize the fibrin clots, an equal volume of VEGF-165 (final VEGF-165 concentration 100 pg/ml) was added to the purified fibrinogen. Then, 1 ml of VEGFcontaining fibrinogen solution was filled into each tube, and thrombin was added to it, which led to clot formation. Fibrin clots were carefully washed three times in phosphate-buffered saline before use.
Detection of VEGF Entrapment in Fibrin Clots
Radiolabeled VEGF was prepared by adding VEGF (to a final concentration of 100 pg/ml) to the iodogen 125 I. The radiolabeled VEGF ( 125 I-VEGF) was added to normal human plasma or a euglobulin fraction [18] prepared from normal plasma. Fibrin clots were generated by adding thrombin (10 U/ml) to plasma or a euglobulin fraction that contained 125 I-VEGF. The radioactivity corresponding to the existence of VEGF in the supernatant as well as in the clot lysate was counted by a scintillation counter.
Cell Proliferation Assay A 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was performed to test the proliferation of cells in response to clot-bound VEGF. Briefly, cells were seeded at a density of 2.0-2.5 ! 10 4 cells/well onto 96-well dishes and were incubated with the fibrin clots for the indicated periods. Following this incubation, MTT (0.5 mg/ml final concentration) was added to each well. As mitochondrial enzyme converts MTT to insoluble formazan crystal, 100 Ìl of a solution containing 10% SDS (pH 4.8) + 0.01 NHCl was added to dissolve the crystal 3 h after the addition of MTT. Absorbance values were determined with an automatic microtiter plate reader (Immuno Mini NJ-2300, Japan) at 570-630 nm.
Assay of IL-6 and IL-8
Cytokines (IL-6 and IL-8) were measured in the supernatant of cultured monocytes, as described [19] .
Results
In this study, we investigated whether VEGF was entrapped in fibrin clots in vitro. We prepared blood clots from normal human whole blood letting it stand in a glass tube in the presence of thrombin (10 U/ml) at room temperature. Microsections from the clots were subjected to VEGF immunostaining, and the existence of immunoreactive VEGF in clots was confirmed by immunohistochemical methods ( fig. 1 ). Positive staining of VEGF was observed lineally on the surface of the clot (fig. 1B, thick arrow) . Positive staining was also observed in the mononuclear cells ( fig. 1B , thin arrow) and fibrous portion of the inner part of the clot ( fig. 1B and D , broken arrows), indicating the presence of VEGF not only on the clot surface but also inside the clots. Thus, positive staining in the fibrous portion demonstrated the association of VEGF with fibrin clots.
To further confirm the binding to and entrapment of VEGF in clots, especially its association with fibrin, we performed an entrapment study using radiolabeled VEGF, which exhibited the same biological activities as untreated VEGF (data not shown). Although we have no direct evidence that VEGF bound to fibrin, the radioactivity of 125 I-VEGF reflecting the concentration of VEGF in the supernatant of the plasma-derived fibrin clots was decreased compared to that of the plasma before the clot formation ( fig. 2, column 3) , implying the entrapment of 125 I-VEGF in the clot. As clots formed from normal plasma were resistant to fibrinolysis because of the contamination with · 1 -antiplasmin, we prepared plasmin-sensitive fibrin clots from a euglobulin fraction (plasmin inhibitor deficient). Similarly to plasma, the radioactivity of the euglobulin fraction had been decreased after the clot formation ( fig. 2, column 5) , further supporting the binding of VEGF to fibrin clots. Then, the radioactivity of a clot-lysed solution prepared by plasmin digestion in vitro was assessed. We observed that more than 80% of 125 I-VEGF appeared in the clot-lysed supernatant as the radioactivity increased ( fig. 2, column 6 ), suggesting that VEGF was entrapped in the fibrin clots.
Next, we investigated the biological activity of the clots, which were prepared using various concentrations of VEGF added to fibrinogen. The number of cells increased with the increasing amount of VEGF-containing fibrinogen. As shown in figure 3 , the addition of the clot containing 10 pg/ml VEGF to HUVECs increased the cell-proliferating activity, which then increased significantly Tezono/Sarker/Kikuchi/Nasu/ Kitajima/Maruyama when cells were plated with fibrin clots containing 1,000 pg/ml VEGF. The addition of antibody to VEGF (100 ng/ml) ceased this cell proliferation, suggesting that the cell growth was induced by VEGF ( fig. 3) . However, the anti-VEGF could not completely block the proliferating activity of fibrin clots, suggesting that the neutralizing activity of the antibody may be insufficient to block the bioactivity of fibrin-bound VEGF or may not have entered the clots properly.
As VEGF induces various biological effects on monocytes, we further examined the ability of fibrin-clot-bound VEGF to induce migration of monocytes. Equal numbers of monocytes (2.5 ! 10 4 per well) were plated onto 96-well dishes and cultured in the presence or absence of fibrin clots. It was observed that monocytes markedly migrated towards fibrin clots ( fig. 4B ), indicating that VEGF trapped in fibrin clots was able to act as a chemoattractant to monocytes. Release of VEGF in fibrinclot-lysed supernatant. 1 = Control (normal plasma); 2 = radioactivity (cpm/ml) of the normal human plasma after addition of 125 I-VEGF; 3 = radioactivity of the supernatant after the formation of fibrin clots by the addition of thrombin (10 U/ml) to the plasma (reduction of radioactivity suggesting the binding of radiolabeled VEGF to the clot); 4 = radioactivity of the euglobulin fraction (plasmin-inhibitor-deficient) after the addition of 125 I-VEGF; 5 = radioactivity of the supernatant after fibrin clot formation by the addition of thrombin (10 U/ml) to the euglobulin fraction; 6 = radioactivity of the clotlysed supernatant (prepared using an euglobulin fraction). Data represent means B SD of three separate experiments. Fig. 3 . Effect of VEGF bound to fibrin clots on the proliferation of HUVECs. HUVECs were plated on 96-well dishes and cultured at various concentrations of VEGF in fibrin clot in the presence or absence of antibody of VEGF (100 ng/ml) for 72 h. Data represent means B SD of three separate experiments. Cell proliferation was assessed afterwards by MTT assay.
Finally, we assayed the concentrations of IL-6 and IL-8 in the culture of monocytes. VEGF bound to fibrin clots significantly enhanced the production of IL-6 and IL-8 in vitro. In response to VEGF, the production of IL-6 was significantly increased to 1,095 B 13 pg/ml; it decreased to 47 B 2 pg/ml when treated with 100 ng/ml anti-VEGF. Similarly, VEGF significantly increased the secretion of IL-8 to 18,714 B 584 pg/ml; this decreased to 3,127 B 324 pg/ml in the presence of anti-VEGF, demonstrating that clot-bound VEGF stimulated peripheral monocytes to produce IL-6 and IL-8 ( fig. 5) . 
Discussion
When blood vessels are injured, a prompt blood coagulation cascade is initiated resulting in the generation of thrombin. Thrombin generated in this way activates platelets, which play an important role in the formation of hemostatic thrombi, followed by the repair of the injured vessels. During the repairing process, the proliferation of vessel wall cells is indispensable. It has been demonstrated that platelet-derived growth factor (PDGF) released by the activated platelets plays an important role in this cellular event. PDGF acts as a chemotactic and proliferating factor mainly on vascular smooth-muscle cells and vascular fibroblasts [20, 21] . On the other hand, the proliferation of endothelial cells is essential for the wound repairing process. It has been reported that VEGF acts chemotactically and mitogenically on endothelial cells. It has also been reported that the mitogenic activity of VEGF on endothelial cells is much greater than that of PDGF [22, 23] .
In the present study, we first investigated the possibility of trapping VEGF into clots in vitro. Human plasma and serum contain 0-10 pg/ml and 80-100 pg/ml VEGF, respectively [24] . Our preliminary results indicate that more than 100 pg/ml of VEGF are required for it to act mitogenically on endothelial cells. However, as shown in figure 3 , fibrin-clot-bound VEGF exhibited a very potent cell-proliferating activity on cultured HUVECs. The incubation of the HUVEC monolayers with VEGF-containing fibrin clots, which were prepared with fibrinogen containing as little as 10 pg/ml of VEGF showed cell proliferation activity ( fig. 3) . Thus, the clot surface VEGF appeared to be more active than that of the fluid; however, further studies are needed to confirm this. We did not observe a linear dose-responsive effect of VEGF-containing fibrin clots on cell-proliferating activity ( fig. 3 ). This may be due to the fact that VEGF on the clot surface does not correlate exactly with the VEGF content of the fibrinogen solution. Of note, we tried to prepare fine fibrin clots by sonication but failed. Hence, we used fibrin clots per se in the experiments. We obtained 57% of VEGF in the lysate of clots obtained by plasmin digestion, demonstrating the existence of VEGF in the clots. Our result is also in line with the recent finding that VEGF binds to fibrinogen and that this VEGF-fibrinogen complex is present in the circulation [25] . However, VEGF also originates from platelets and is stored in the clots in vivo. A number of cells synthesize VEGF in response to mitogens in vitro. We as well as others have also reported that thrombin enhances the release of VEGF Tezono/Sarker/Kikuchi/Nasu/ Kitajima/Maruyama in the culture medium and that the mitogenic activity of thrombin may be dependent in part on VEGF. VEGF is synthesized by megakaryocytes and also contained in the circulating platelets [26] [27] [28] . Thus, we formed the hypothesis that VEGF can be released from platelets upon stimulation and may be trapped and stored in the thrombus. Our result shows that fibrin clots induce the proliferation of HUVECs in vitro, suggesting that clotbound VEGF has a potent mitogenic activity. It has also been described that VEGF exerts several biological activities on peripheral monocytes such as chemotaxis, tissue factor expression and influx of intercellular Ca 2+ [28] . We demonstrated that fibrin clots stimulated the monocytes and induced the release of IL-6 and IL-8. Thus, clot-bound VEGF may act on peripheral monocytes.
In summary, we propose a hypothesis based on our present data that blood coagulation would start at the site of vessel injury, resulting in hemostatic thrombus formation, where platelets also adhere and aggregate with the secretion of VEGF. The secreted VEGF may be stored and enriched in the clots, which may provide a proper environment to wound healing promoting endothelial chemotaxis and growth. Thus, clot-bound VEGF appears to be a kind of bioactive reservoir and 'scaffold' to wound repair.
